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@ Apparatus comprising field emitters. 

(57) A novel and advantageous cathode structure 
for a field emission display apparatus is dis- 
closed. A given pixel comprises a multiplicity of 
spaced apart emitter bodies (147) on a support 
(141). A given emitter body comprises diamond 
and/or rare earth boride, and has a relatively 
sharp geometrical feature that facilitates elec- 
tron emission from the emitter body. Exem- 
plarily the emitter body comprises in situ grown 
diamond, or it comprises a pre-existing 
diamond particle that was placed on the sup- 
port Such emitter bodies generally can be pro- 
vided easily and at low cost and typically have 
naturally occurring sharp geometrical features 
such as points and edges. We have also discov- 
ered that appropriately grown rare earth boride 
films of thickness 30 nm or less may substan- 
tially improve electron emission from emitter 
bodies, and some preferred embodiments of the 
invention comprise a cathode structure that 
comprises a thin layer of, e.g., LaB 6 on the 
emitter bodies. Exemplary methods of making 
cathodes according to the invention are also 
disclosed. 
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Field of the Invention 

This invention pertains to apparatus, typically 
display apparatus, that comprises field emitters, typ- 
ically field emitters that comprise diamond and/or rare 5 
earth (RE) boride. 

Background of the Invention 

Flat panel field emission displays are known. 10 
See, for instance C. A. Spindt et at, IEEE Transac- 
tions on Electron Devices, Vol. 36 (1), p. 225. Prior art 
displays typically comprise sharp-tip metal electron 
emitters, e.g., Mo cones having a tip radius of the or- 
der of a few tens of nanometers. However, such emit- 15 
ters have proven to be insufficiently durable for many 
applications, due, for instance, to the occurrence of a 
localized arc discharge that frequently damages the 
tip and may cause thermal runaway. The arc is typi- 
cally occasioned by, e.g., desorption of gas (possibly 20 
also decomposition of oxides, etc.) from the surface, 
with resulting rise in the local gas pressure to a level 
that supports initiation of the arc. Emitter damage 
may also result from mass transport towards the 
emitter tip that results from the presence of a strong 25 
temperature gradient and electric field that are typi- 
cally present in an activated emitter. The mass trans- 
port tends to increase the tip radius, decreasing the 
current emitted from the tip at a given applied voltage. 

US patent 5,129,850 discloses a field emitter 30 
having a coating of diamond material disposed on an 
appropriately shaped surface of a conductive/semi- 
conductive material. The emitter is formed by a proc- 
ess that involves implantation of carbon ions into the 
surface of an appropriately shaped substrate to ere- 35 
ate nucleation sites for diamond formation, forming di- 
amond, depositing a conductive layer over the dia- 
mond, and removing the substrate. 

US patent 5,138,237 discloses a field emission 
device that comprises diamond-containing emitters. 40 
The diamond body of a given emitter is formed by se- 
lective etching of a previously deposited diamond 
film. 

IM. Kumar et at, SID Digest pp. 1009-1011 dis- 
close field emission displays based on amorphic dia- 45 
mond thin films. The film is formed by laser ablation, 
-with the electron emission properties of the (struc- 
tureless) diamond film said to strongly depend on the 
deposition process and conditions. 

Diamond has properties that make it desirable for so 
field emission means. However, the prior art ap- 
proaches to using diamond for such means have 
shortcomings. For instance, the approaches of the 
above cited US patents are complex, exemplarily in- 
volving a difficult diamond etching step. On the other 55 
hand, the approach of Kumar et al. is strongly de- 
pendent on manufacturing conditions. Such strong 
dependence is typically undesirable. 
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It would be highly desirable to have available 
readily manufacturable improved field emission 
means free of, or at least less subject to, the short- 
comings of the prior art means. This application dis- 
closes such means. 

Summary of the Invention 

The invention is defined by the claims. In a broad 
aspect the invention is embodied in improved field 
emission display apparatus that comprises a novel 
multipixel cathode. A given pixel of the cathode com- 
prises a multiplicity of spaced apart emitter bodies on 
a support A given one of the emitter bodies of the giv- 
en pixel comprises material selected from the group 
consisting of diamond and RE borides (e.g., LaB 6 ) 
and has a relatively sharp (edge-like or pointed) fea- 
ture effective for facilitating electron emission from 
the emitter body. Both diamond and RE borides have 
high melting points and are covalently bonded, and 
consequently are very stable materials. 

The emitter body typically but not necessarily is 
in contact with conductive material that facilitates 
flowing a current from an external current source to 
the emitter body. The relatively sharp features are 
typically naturally occurring (i.e., not formed by, e.g., 
etching or other shape-changing process), but may 
be formed or enhanced by appropriate processing, 
typically prior to placement of the particle on the sup- 
port means. For instance, it is known that diamond mi- 
crocrystallites can be grown on polyhedral diamond 
particles by, e.g., chemical vapor deposition. 

In addition to the above described novel cathode, 
the apparatus typically comprises an anode that is 
spaced apart from the cathode and comprises light 
emitting means (typically a phosphor), a gate dis- 
posed between anode and cathode, and means for 
applying a voltage between cathode and gate such 
that electrons are emitted from at least some of the 
emitter bodies and impinge on the light emitting 
means. The latter features of the apparatus can be 
conventional. 

Brief Description of the Drawings 

FIGS. 1 and 2 are SEM micrographs that depict 
diamond particles grown on a substrate; 
FIGS. 3-5 schematically depict respectively por- 
tions of a cathode structure according to the in- 
vention, with FIG. 3 showing in situ grown partic- 
les, and FIGS. 4-5 showing pre-existing particles 
embedded in a conductive medium; 
FIGS. 6-7 schematically show cathode struc- 
tures according to the invention that respectively 
comprise a conductive and/or low work function 
layer; 

FIG. 8 shows preliminary data on threshold vol- 
tage vs. LaB 6 film thickness; 
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FIG. 9 depicts schematically a cathode structure 
that comprises emitters formed by an appropriate 
shaping operation, e.g., anisotropic etching, fol- 
lowed by application of a low work function film; 
FIGS. 10-12 schematically illustrate stages in the 
manufacture of an exemplary apparatus accord- 
ing to the invention; 

FIG. 13 schematically shows a portion of an ex- 
emplary cathode structure in top view; and 
FIG. 14 schematically depicts a portion of an ex- 
emplary fiat panel display according to the inven- 
tion. 

Detailed Description of Some Preferred 
Embodiments 

A significant aspect of the invention is the pres- 
ence, in a given pixel of the cathode of a display ac- 
cording to the invention, of a multiplicity (typically 
hundreds or even thousands) of separate, substan- 
tially randomly disposed emitter bodies, exempiarily 
in situ grown diamond "islands" or pre-existing partic- 
les, typically diamond particles or RE boride particles. 
In either case, the emitter bodies are coupled to ap- 
propriate circuitry such that a current can be caused 
to flow between the emitter bodies and the anode. 
Coupling can be by means of contact with electrically 
conductive material, or can be capacitive. Those skil- 
led in the art will appreciate that in the case of capac- 
itive coupling the primary current path is capacftive, 
but that means that support the flow of a conduction 
current to the emitter body (in order to replace the 
electrons that are emitted from the body) have to be 
provided. Such means are frequently referred to as a 
"leaky" dielectric. Such material exempiarily has a re- 
sistivity in the range 10 6 - 10 9 ft-cm. Many, if not all 
of the emitter bodies have relatively sharp geometri- 
cal features (edges and/or point-like features) which 
facilitate electron emission in response to an applied 
electric field. Although the emitter bodies are gener- 
ally spaced apart it is not precluded that some of 
them touch. Typically less than about 80% (frequently 
less than 50%) of a pixel area is occupied by emitter 
bodies. 

FIG. 1 is a S EM micrograph showing diamond is- 
lands that were grown in situ by plasma enhanced 
chemical vapor deposition (using a methane/hydro- 
gen gas mixture) on a (100) silicon substrate. As can 
be clearly seen, the islands typically have polyhedral 
shape, relatively uniform size and height and are 
substantially randomly disposed. A substantial frac- 
tion of the islands has naturally occurring relatively 
sharp geometrical features. This aspect is further il- 
lustrated by FIG. 2, which shows a magnified portion 
of FIG. 1. The micrograph shows a sharply pointed 
particle, the point having a radius of curvature of a 
few tens of nanometers. 

The relative uniformity of size and height of dia- 



mond islands (as well as of commercially available di- 
amond particles) is an advantageous feature that fa- 
cilitates flat panel display construction. In particular, 
it facilitates cathode/gate formation using a conve- 
5 nient planarizing method (to be described below) in- 
stead of the conventionally used lithographic proc- 
essing. 

FIGS. 3-5 schematically depict relevant portions 
of cathode structures according to the invention. In 

10 FIG. 3, numeral 30 designates an appropriate sub- 
strate, e.g., a (lOO)-oriented Si wafer, and numerals 
31-33 designate three pixels, respectively. Each pixel 
comprises a multiplicity of in situ grown diamond par- 
ticles (e.g., 312) in contact with conductor material 

15 (eg., 311). In FIG. 4, numeral 40 refers to an appro- 
priate substrate (e.g., a glass plate), numerals 41-43 
refer to three pixels, respectively. Each pixel compris- 
es a conductor layer (e.g., 411), with a multiplicity of 
pre-existing diamond particles (e.g., 412) embedded 

20 therein and protruding therefrom. FIG. 5 shows, for 
simplicity's sake, a single pixel only. The pixel com- 
prises conductor material 52, with some pre-existing 
diamond particles (e.g., 532) completely embedded 
therein, and some of the diamond particles (e.g., 531) 

25 embedded therein and protruding therefrom. 

Those skilled in the art will appreciate that in 
other embodiments a leaky dielectric may be substi- 
tuted for the conductive material(e.g., 311, 411, 52), 
with a layer of conductive material sandwiched be- 

30 tween the substrate (e.g., 30, 40) and the leaky di- 
electric. Furthermore, if the substrate is a Si wafer or 
other suitable semiconductor body, a separate con- 
ductor layer may not be necessary, since the semi- 
conductor body can be doped to provide conduction 

35 as well as isolation between pixels. For instance, a n- 
type Si wafer can be ion implant-doped to provide p- 
type stripes which define the pixels. The resulting p- 
n junctions can, in known manner, provide isolation 
between pixels. 

40 A flat panel display device typically comprises 

thousands of pixel. Exempiarily, a pixel is of size 
100pm x 100pm, and the emitter bodies (e.g., dia- 
mond particles) exempiarily are of approximate size 
1pm, typically in the range 0.1 - 20pm. Particles 

45 smaller than the lower limit typically are difficult to 
process. The upper size limit typically is determined 
by the pixel size and the requirement that each pixel 
comprises a multiplicity of act iva table emitter bodies. 
The. "size" of a polyhedral particle of the type that is 

50 of interest herein is the diameter of a sphere of volume 
equal to that of the particle. 

In FIGS. 3-5 no details of the cathode circuitry 
are shown. This circuitry can be conventional. See, 
for instance, US patent 5,283,500. 

55 Diamond emitter bodies according to the inven- 

tion can be islands that are grown in situ on a sub- 
strate by any appropriate diamond growth process 
(e.g., chemical vapor deposition, flame deposition, 
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hot filament technique). It is known that growth of di- 
amond film on a substrate commences at nucfeation 
sites of the substrate, resulting in the formation of di- 
amond islands which, if deposition is continued long 
enough, coalesce into a continuous polycrystalline di- 
amond film. However, growth conditions can be se- 
lected such that the multiplicity of islands does not co- 
alesce into a continuous film but that a multiplicity of 
spaced apart substantially crystalline (i.e., sp 3 -dom- 
inated) polyhedral diamond islands is formed. The 
term "sp^dominated" means that the material of the 
islands substantially has four-fold co-ordinated, cova- 
lently bonded diamond structure. 

An important aspect of the choice of growth con- 
ditions is the preparation of the substrate surface to 
provide an appropriate density of nucleation sites. 
This preparation can be by any appropriate method, 
e.g., by polishing with diamond grit Exemplarily, the 
preparation conditions are selected to result in a nu- 
cleation site density in the approximate range 0.1-2.0 
x 108/cm 2 . Since the rate of formation of nucleation 
sites will typically depend on the details of the proc- 
ess used, it is not possible to recite generally applica- 
ble process parameter ranges. However, it will typi- 
cally only require a minor amount of routine experi- 
mentation to determine process parameters that re- 
sult in a suitable density of nucleation sites. 

After preparation of the substrate surface, dia- 
mond islands are grown on the substrate. Growth typ- 
ically is terminated well before substantial coales- 
cence of the islands, resulting in a multiplicity of 
spaced apart, polyhedral diamond islands on the sub- 
strate. Many, if not ail, of the islands will naturally 
have relatively sharp geometrical features, with at 
least some of the islands oriented such that the sharp 
features facilitate emission of electrons from the par- 
ticles. Optionally the islands are formed in pre-deter- 
mined regions of the substrate, such that the desired 
array of pixels results. Such patterned deposition can 
be readily accomplished by means of, e.g., an appro- 
priate mask. Alternatively, a uniform distribution of is- 
lands is formed on the substrate, followed by pattern- 
ing to yield the desired array of pixels. The average 
distance between neighboring islands is desirably at 
least half of the average island size, and preferably is 
equal to or greater than the latter. The spacing be- 
tween islands facilitates provision of conduc- 
tive 'paths to the islands, which in turn facilitates sup- 
plying current to the islands. The above remarks ap- 
ply equally to other emitter bodies such as pre-exist- 
ing diamond particles or rare earth boride particles. 

In situ growth of emitter bodies is not the only 
possible approach to making cathode structures ac- 
cording to the invention. Another approach utilizes 
pre-existing particles, e.g., natural or synthetic dia- 
mond grit or powder. Such particles also typically 
have relatively sharp geometrical features that can 
facilitate electron emission, and are readily cornmer- 
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ciaily available at low cost. Furthermore, such partic- 
les can readily be disposed on a substrate in a de- 
sired pattern by known techniques, e.g., screen print- 
ing or powder sprinkle coating. Spray coating or spin 
5 coating, followed by patterning, are also contemplat- 
ed. Exemplarily the particles are carried in a liquid 
medium (e.g., acetone, alcohol, water), optionally 
with organic binder (to be pyrolysed later). Optionally, 
other particles (e.g., metal flakes) can also be pres- 
to ent Exemplarily the other particles are solder partic- 
les, the mixture is spray coated onto the support 
means, followed by heating of the supper r.ieans to 
melt the solder. 

Diamond is not the only material conter ated for 
15 emitter particles. Among other suitable materials are 
rare earth (Y and elements of atomic number 57-71) 
borides, e.g., Y-boride and La-boride. These have, in 
addition to the required sharp features, also relatively 
low electron work function, further facilitating elec- 
20 tron emission. Suitable rare earth (RE) boride partic- 
les can be produced, for instance, by mechanical frac- 
turing of commercially available bulk crystalline ma- 
terial. 

RE- borides such as YB 6 or LaB 6 not only can 

25 have low electron work function but also are relatively 
good electrical conductors. On the other hand, pure 
diamond is an insulator. Consequently, preferred dn 
amond-com prising emitter bodies comprise either di- 
amond that is doped (either n-type or p-type; either 

30 throughout the volume of the body or only in the surt 
face region) to increase the conductivity, or that com- 
prise a thin conductive layer thereon. An exemplary 
suitable dopant is boron. Other dopants (e.g., nitro- 
gen, phosphorus) may also be suitable. A conductive 

35 layer (e.g., a LaB 6 layer) can be applied by any suit- 
able physical or chemical deposition technique, e : g., 
sputtering, evaporation, laser ablation, plasma spray- 
ing, electrodeposition, eiectroless deposition or 
chemical vapor deposition. Graphitization of a sur- 

40 face layer can also provide a conductive layer and is 
contemplated. Exemplarily. diamond particles are 
subjected, in known manner, to partial graphitization 
prior to their placement on the support means. 

Bulk RE borides such as YB 2 . YB 4 . YB 6 , and LaB 6 

45 etc. are known to have low resistivity (p) and work 
function (<|»). It is also known that thin films of RE bor- 
ides typically have work functions that are substan- 
tially larger than those of the corresponding bulk ma- 
terial. See, for instance, J. G. Ryan et al., Thin Solid 

50 Films , Vol. 135, pp. 9-19 (1986), disclosing that bulk 
LaB 6 has p = 17uH cm and <fr = 2.66 eV, and that thin 
films of La Be have p = 96un cm and <J> = 3.8 eV. Thus, 
the prior art does not suggest the use of thin RE bor- 
ide films to enhance the emission properties of emit- 

55 ter bodies according to the invention. 

We have made the surprising discovery that, un- 
der appropriate conditions, RE boride films can have 
$ substantially lower than taught by the prior art, such 
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that application of a RE boride film may substantially 
improve the emission characteristics of emitter bod- 
ies according to the invention. 

FIG. 8 shows exemplary preliminary data on 
threshold voltage for electron emission from B-doped 5 
diamond islands according to the invention as a func- 
tion of thickness of a LaB 6 coating, with numeral 81 
referring to results from bare diamond Islands, and 80 
to results from analogous LaBe-coated islands. FIG. 
8 shows a strong dependence of threshold voltage on 10 
coating thickness, with coatings of thickness <30nm 
resulting in significant lowering. Similar results are 
expected for other RE borides. Thus, in some prefer- 
red embodiments the thickness of RE boride coating 
is less than about 30 nm, preferably less than 20 nm 15 
or even 10 nm. 

The effectiveness of RE boride coatings not only 
depends on coating thickness but also on coating de- 
position conditions. For instance, a 10 nm thick LaB e 
coating formed by magnetron sputtering at a sub- 20 
strate temperature of 500°C resulted in significant 
lowering of the emission threshold, whereas a similar 
coating, deposited at room temperature exhibited 
more than forty times higher resistivity, and did not 
significantly lower the emission threshold. 25 

FIG. 6 schematically depicts emitter bodies 61 
(e.g. polyhedral diamond islands) on appropriate sub- 
strate means 62 (e.g., a Si wafer), with a thin coating 
63 of conductive material thereon. In preferred em- 
bodiments the coating material furthermore has low 30 
work function, thereby facilitating electron emission 
from the emitter bodies. Such a coating can be ap- 
plied by known means, e.g., sputtering, evaporation, 
laser ablation, plasma spray, elect rod epos it ion, elec- 
troless deposition, or chemical vapor deposition. Ex- 35 
emplary of suitable layer materials are LaB 6 , YBg and 
YB 4 . 

FIG. 7 schematically shows a further exemplary 
embodiment, with numerals 71-74 referring, respec- 
tively, to emitter bodies (e.g, polyhedral diamond par- 40 
tides), substrate (e.g., glass plate), low work function 
material coating, and conductor (e.g., metal) layer. 

Those skilled in the art will appreciate that use of 
the novel low-$ RE boride coatings is not limited to 
polyhedral emitter bodies as disclosed above. Such 45 
coatings typically can be applied to other micro-emit- 
ters, e.g., prior art Mo emitters or diamond film emit- 
ters. Furthermore, availability of such coatings facil- 
itates use of novel emitters, e.g., etch patterned Si 
emitters of the type schematically depicted in FIG. 9, so 
wherein numerals 90-92 refer, respectively, to a Si 
substrate, to micro-emitters formed from substrate 
material by selective etching, and to the flowering 
RE boride layer. 

Emitter structures according to the invention can 55 
be made by any appropriate method. Some aspects 
of an exemplary method are schematically depicted 
in FIGS. 10-1Z On quartz glass plate 100 is formed 



519 A1 




a circuitry layer 1 01 as taught by the prior art On pre- 
determined regions of the circuitry layer are posi- 
tioned emitter bodies 102 according to the invention, 
e.g., doped diamond islands. A conformal insulating 
layer 103 is deposited on at least the predetermined 
regions. The layer thickness is preferably approxi- 
mately equal to the emitter body size. For layers of 
thickness <2um the layer material exemplarily has 
composition SiO x N y , deposited by plasma enhanced 
chemical vapor deposition. Such layers are known. 
Exemplarily x and y are about 0.2 and 0.8, respective- 
ly. Thicker layers exemplarily are electrophoretically 
deposited glass. On the conformal insulating layer is 
then deposited a conductive film 104, e.g., a Cr film. 
The portions of the conductive film that directly over- 
lie the tops of the emitter bodies can be removed by 
polishing, exposing the insulating material. See FIG. 
11. Alternatively a (not shown) fusible material (e.g., 
a soda-line glass) is deposited (e.g., electrophoreth 
cally) on the conductive film, and the combination is 
heated to melt the fusible material, such that surface 
tension can pull the fused material into the valleys of 
the conductor-covered surface. After solidification of 
the fused material the surface will be substantially 
planarized. Isotropically etching the re-solidified ma- 
terial can remove the re-solidified material above 
emitter bodies while retaining some re-solidified ma- 
terial in the valleys between emitter bodies. Using the 
remaining re-solidified material as an etch mask, the 
conductive f ilm is patterned by removing the conduc- 
tive material that overlies the emitter bodies, while re- 
taining the conductive film in the valleys between the 
emitter bodies. In either of the two alternative ap- 
proaches, the patterned conductive layer serves as 
etch mask for selective removal of the conformal in- 
sulating material to expose the emitter body tips. The 
remaining portions of the conductor film form the 
gates for the field emission device. See FIG. 12. An 
anode structure can be provided by conventional 
means. 

A further exemplary method is as follows: On a 
glass substrate is deposited a metal layer (e.g. 0.3um 
Ta) followed by deposition of an insulator layer (e.g., 
1um Ta 2 O5.J. On the insulator layer are provided 
emitter bodies according to the invention, e.g., doped 
diamond islands of average size 1um. The surface is 
planarized with an insulator (e.g., electrophoretically 
deposited soda-line glass or spin-on glass), and the 
gate metal layer is deposited. Frequently it may be ad- 
vantageous to select the deposition conditions such 
that the metal is under tensile stress, to prevent short- 
ing between emitter bodies and gate during device 
operation. The gate metal is patterned by convention- 
al means, followed by etching of the insulator such 
that the emitter bodies are exposed. Preferably the 
thus produced patterned surface comprises "pillars" 
of the insulator material that support the gate metal 
layer, as shown schematically in FIG. 13. 
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FIG. 13 schematically shows an exemplary por- 
tion of a pixel in top view, with numerals 130 referring 
to sub-regions of the pixel comprising emitter bodies 
(not shown). Numerals 131 and 132 refer to the pat- 
terned gate metal layer. Exemplarily, etching of the di- 
electric is carried out such that mask undercutting oc- 
curs, with grid arms 131 being supported substantial- 
ly only by pillars 132. By way of example, sub-regions 
1 30 measure about 5 x 5um, grid arms 131 are about 
1 .5um wide, and pillars 1 32 are about 3um in diame- 
ter. 

Those skilled in the art will appreciate that in the 
above described method the emitter bodies are ca- 
pacitively coupled to the drive circuitry, as disclosed 
for instance in US patent 5,283,500. 

In an alternative method, an appropriate metal 
(e.g., commercially available solder or brazing mate- 
rial for diamond bonding) is sputter deposited on the 
insulator layer, diamond powder is sprayed thereon 
and the combination heated until the metal layer wets 
the diamond particles. The remainder of the method 
is substantially as described above. A thin layer of low 
work function material (e.g., LaB 6 ) will frequently be 
deposited on the emitter bodies before application of 
the conformal coating or the planarizing layer, as the 
case may be. 

FIG. 14 schematically shows a portion of an ex- 
emplary flat panel display according to the invention. 
Numeral 140 refers to the substrate, 141 to the cath- 
ode conductor layer, 142 to a dielectric spacer layer, 
and 143 to the gate conductor layer. Furthermore, nu- 
meral 144 refers to the phosphor layer, 145 to the 
anode conductor layer, and 146 to the anode sub- 
strate, exemplarily part of the glass envelope of the 
display. Numeral 148 refers to an electrical power 
source that provides the requisite voltages and cur- 
rent 

Example 1 

A (001) oriented Si wafer was polished with dia- 
mond grit (~1-3um size) for about 4 minutes to create 
an appropriate number of nucleation sites. On the 
thus prepared substrate were grown diamond "is- 
lands" by conventional plasma-enhanced chemical 
vapor deposition at about 900°C. The atmosphere 
was 1 % CHj in H 2t pressure was 40 Torr, and depos- 
ition time was 7 hours. The resulting islands were 
substantially as shown in FIGS. 1 and 2, covering 
about 50% of the substrate area, and generally hav- 
ing polyhedral shape, with naturally occurring points 
and edges. Subsequent to island growth the wafer 
was doped with boron by ton implantation (10 15 /cm 2 ), 
using a commerciaJiy available ion im planter. Field 
emission of electrons was observed at a nominal field 
of about 31 volt/um at ImA/cm 2 current density. The 
"nominal" field is the applied voltage divided by the 
emitter/anode distance. 



Example 2 

Diamond islands were formed substantially as 
described in Example 1 . Subsequent to island growth 
5 the wafer was heat treated at 850°C for 60 hours in 1 
atmosphere of NH 3 . The treatment resulted in en- 
hanced conductivity of the diamond particles. Field 
emission of electrons was observed at a nominal field 
of about 75 V/um at 1mA/cm 2 current density. 

10 

Example 3 

Diamond islands were formed substantially as 
described in Example 1. The emitter bodies were not 
15 intentionally doped. No electron emission was ob- 
served up to nominal fields of about 300 V/um. 

Example 4 

20 Diamond powder, of approximate size 0.5-1 .Oum 

and generally polyhedral shape, was treated in 1 at- 
mosphere NH 3 for 60 hours at 850°C and spray coat- 
ed uniformly onto indium foil by conventional means, 
and embedded in the foil by pressing. Field emission 

25 was observed at about 35V/um at ImA/cm 2 current 
density. 

Example 5 

30 La B 6 powder, of approximate size 1 Q\un and gen- 

erally polyhedral shape, was obtained from Johnson 
Matthey Corporation. The powder was sprinkled onto 
indium foil and was embedded into the foil by press- 
ing. Final coverage was at least about 60%. Field 

35 emission was observed at a nominal field of about 
14V/ujn at ImA/cm 2 current density. 

Example 6 

40 A wafer with B-doped diamond islands was pre- 

pared substantially as described in Example 1 . A LaBe 
film was deposited uniformly over the wafer surface 
with the islands thereon. Deposition was by magne- 
tron sputtering at a substrate temperature of 500°C. 

45 The deposition rate was 6 nm/min. Trie film exhibited 
good electrical conductivity (p - 17uftcm). Field 
emission was observed at a nominal field of about 
18V/um at ImA/cm 2 current density for an approxh 
mately 10 nm thick LaB 6 film. Samples with thicker 

so LaB 6 films exhibited higher threshold voltages, in sub- 
stantial conformity with the data of FIG. 8. 

Example 7 

55 A 10 nm thick LaB 6 film was deposited on dia- 

mond islands substantially as described in Example 
6, except that the substrate temperature during LaBe 
deposition was 25°C. The film exhibited poor elect ri- 
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cal conductivity (p ~ 800^Ocm), and a relatively high 
emission threshold field. 



Claims 5 

1. An article comprising field emission display 
means comprising 

a) a multi-pixel cathode, a given pixel having 

an area and comprising a multiplicity of 10 
spaced apart emitter bodies (147) on a sup- 
port (141, 140); 

b) an anode that is spaced apart from the 
cathode and comprises light emitting means 
(144); is 

c) a gate (143) disposed between said anode 
and cathode; and 

d) means (148) for applying a voltage be- 
tween said cathode and gate such that elec- 
trons are emitted from at least some of said 20 
emitter bodies and impinge on said light emit- 
ting means; 

CHARACTERIZED IN THAT 

e) a given of the emitter bodies of the given 
pixel comprises material selected from the 25 
group consisting of diamond and rare earth 
borides, the given body having relatively 
sharp geometrical features effective for facil- 
itating electron emission from the emitter 
body. 30 

2. An article according to claim 1 , wherein said giv- 
en emitter body comprises a doped diamond 
body, or comprises a diamond body with a layer 

of rare earth boride thereon , or said given emitter 35 
body is a rare earth boride body. 



emitter body are naturally occurring relatively 
sharp features. 

8. An article according to claim 1 , wherein the given 
emitter body comprises a diamond body that was 
formed in situ on the support, or comprises a pre- 
existing diamond particle that was placed on the 
support 

9. An article according to claim 1, wherein the 
means of d) comprise conductive material in con- 
tact with the given emitter body, or the means of 
d) comprise a conductive layer that is spaced 
apart from the given emitter body and is selected 
to facilitate applying said voltage by capacitive 
coupling, and further comprise a dielectric mate- 
rial between the given emitter body and the con- 
ductive layer. 

10. An article comprising a field emission display 
comprising 

a) a multi-pixel cathode, a given pixel com- 
prising at least one emitter body on a support; 

b) an anode that is spaced apart from the 
cathode and comprises a phosphor; 

c) a gate disposed between said anode and 
cathode; and 

d) means for applying a voltage between said . 
cathode and gate such that electrons are 
emitted from said at least one emitter body 
and impinge on said phosphor; 
CHARACTERIZED IN THAT 

e) the at least one emitter body of the given 
pixel comprises a layer of material selected 
from the rare earth borides, said layer being 
at most 30 nm thick. 



3. An article according to claim 2, wherein the layer 
of rare earth boride is at most 30 nm thick. 

4. An article according to any of claims 1-3, wherein 
the rare earth boride is selected from the group 
consisting of the La-borides and the Y- borides. 

5. An article according to claim 1 . wherein said emit- 
ter bodies cover at most 50% of the area of the 
given pixel. 

6. An article according to claim 1 , wherein associat- 
ed with the multiplicity of emitter bodies of the 
given pixel is an average size of the emitter bod- 
ies and an average distance between the emitter 
bodies, the average distance between the emit- 
ter bodies being at least 50% of the average size 
of the emitter bodies. 
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11. An article according to claim 10, wherein the at 
least one emitter body comprises a substantially 
pointed Mo or Si body. 

12. An article according to claim 11, wherein the at 
least one emitter body comprises a substantially 
pointed Si body that is integral with said support 



7. An article according to claim 1 , wherein the rela- 
tively sharp geometrical features of the given 
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